Spin battery operated by ferromagnetic resonance 
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Precessing ferromagnets are predicted to inject a spin current into adjacent conductors via Ohmic 
contacts, irrespective of a conductance mismatch with, for example, doped semiconductors. This 
opens the way to create a pure spin source ("spin battery") by the ferromagnetic resonance. We 
estimate the spin current and spin bias for different material combinations. 
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The research field of magnetoelectronics or spinelec- 
tronics strives to utilize the spin degree of freedom 
for electronic applications.!!] Devices made, from metal- 
lic layered systems displaying the giantel and tunnel 
magnetoresistancea have been proven useful for read- 
head sensors and magnetic random-access memories. In- 
tegration of such devices with semiconductor electronics 
is desirable but difficult because a large resistivity mis- 
match between magnetic, and normal materials is detri- 
mental to spin inject ion Jj Spin injection into bulk semi- 
conductors has been reported only in optical pump and 
probe experiments, u and with high-resistance-jferromag- 
netic injectorsa or Schottky/tunnel barriersE In these 
cases, the injected spin-polarized carriers are hot and cur- 
rents are small, however. Desirable are semiconductor 
devices with an efficient all-electrical cold-electron spin 
injection and detection via Ohmic contacts at the Fermi 
energy, just as has been realized by Jedema et al. for 
metallic devices B 

We introduce a concept for DC spin-current injec- 
tion into arbitrary conductors through Ohmic contacts, 
which does not involve net charge currents. The spin 
source is a ferromagnetic reservoir at resonance with an 
rf field. Pure spin-current injection into low-density con- 
ductors should allow experimental studies of spintronic 
phenomena in mesoscopic, ballistic, and nanoscale sys- 
tems, which up to now has been largely a playground of 
theoreticians like Datta and Das,u whose spin transistor 
concept has stimulated much of the present interest in 
spintronics. 

The combination of a ferromagnet at the ferromagnetic 
resonance (FMR) in Ohmic contact with a conductor can 
be interpreted as a "spin battery" , with analogies and 
differences with charge batteries. For example, charge- 
current conservation dictates that a charge battery has 
two poles, plus and minus. A spin battery requires only 
one pole, since the spin current does not need to be con- 
served. Furthermore, the polarity is not a binary, but a 
three-dimensional vector. The important parameters of a 
charge battery are the maximum voltage in the absence of 
a load, as well as the maximum charge current, which can 
be drawn from it. In the following we present estimates 
for the analogous characteristics of the spin battery. 

Central to our concept is a precessing ferromagnet, 
which acts as a source of spin angular momentum, when 
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FIG. 1: Schematic view of the spin battery. Precession of 
the magnetization m(i) of the ferromagnet F emits a spin 
current I|° urcc into the adjacent normal-metal layer N. The 
spin accumulation in the normal metal either relaxes by spin- 
flip scattering or flows back into the ferromagnet, resulting in 
a net spin current I s = If urce - I^ ack . 

in contact with normal metals,0 see Fig. [l| This spin in- 
jection can be formulated in analogy with the adiabatic 
pumping of charge in mesoscopic systems When the 
ferromagnet is thicker than the ferromagnetic coherence 
length (a few Angstr0ms in transition metals such as 
Co, Ni or Fe), the spin current emitted into the not* 
mal metal is determined by the mixing conductances 
9U = T, nm [ § nm ~ KL( r iL)1 in terms of the spin- 
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modes m and n in the normal metal at the interface 
to the ferromagnet, where the latter is characterized by 
the magnetization direction m. The mixing conductance 
governs the transport of spins that are noncollinfiar to 
the magnetization direction in the ferromagnetOEj and 
is also a material parameter proportional to the torque 
acting on the ferromagnet in the presence q£-.: 
collinear spin accumulation in the normal metal.E3ii3llf 
For most systems (with the exception of, e.g., ferromag- 
netic insulatorsES) the imaginary part of the mixing con- 
ductance can be disregarded due to the randomization of 
phases-,of spin-up and spin-down electrons in reciprocal 
spacel!-j and this is assumed in the following. The spin 
current emitted into the normal metal is then, simply,E3 
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In our notation, the spin current is measured in units of 
mechanical torque. Eq. (El) is a time-dependent correc- 
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tion to the Landauer-Biittiker formula for noncolliaear 
ferromagnetic-normal-metal (F-N) hybrid systemsJlj A 
simple physical picture can be inferred from the following 
thought experiment .EZI Suppose we have a F-N interface 
at equilibrium and switch the magnetization instanta- 
neously. The mismatch of the spin-up and spin-down 
chemical potentials leads to large non-equilibrium spin 
currents on the length scale of the spin-diffusion length. 
A slower magnetization reversal naturally induces smaller 
spin currents. Eq. (1) represents the adiabatic limit of 
the spin currents pumped by a slow magnetization dy- 
namics. When the spin current ([!]) is channeled off suf- 
ficiently rapidly, the corresponding loss of angular mo- 
mentum increases-the (Gilbert) damping of the magneti- 
zation dynamicsILS Eq. (Jl]) is the maximum spin current 
that can be drawn from the spin battery. 

Next, we need the maximum spin bias obtained when 
the load vanishes. When the spin- flip relaxation rate is 
smaller than the spin-injection rate, a spin angular mo- 
mentum s (in units of h) builds up in the normal metal. 
We can neglect spatical dependence within the ferromag- 
net when the film is sufficiently thin.Ea Under these con- 
ditions, one finds that the component of the backfiow spin 
current l)? ack , from the normal metal to the ferromagnet, 
parallel to the instantenous magnetization direction m is 
cancelled by an opposite flow from the ferromagnet. The 
componenent of I^ ack perpendicular to m ia!3 
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where N is the one-spin density of states. We note that 
the mixing conductance in Eqs. ([!]) and @ aught to be 
renormalized in highly transparent j unctions S3 

The relation between spin excess s and total spin cur- 
rent I s = I| ourcc — jback m a norma i diffusive metal is 
governed by the spin-diffusion equation 2 ^ 
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where D is the diffusion coefficient, in three (two) dimen- 
sions D = v f t/6 (D = Vpr/4), and r, r s are the elastic 
and spin- flip relaxation times, respectively. We solve the 
diffusion equation with boundary conditions at x = 0, 
where (DAh)d x s = — I s and at the end of the sample 
x = L, where the spin current vanishes, d x s = 0. A is 
the cross section of the system. 

The precession of the magnetization vector of a ferro- 
magnet under a resonant rf electromagnetic field applied 
perpendicularly to a DC magnetic fieldEil can be used to 
drive the spin battery. The magnitude of the spin current 
jsourcc anc j g p m kiag = 2(s) t/N as a function of the 
applied field Ho follows from the Landau-Lifshitz-Gilbert 
equation m = — 7*m x Ho + am x m, where 7* is the gy- 
romagnetic ratio, a ~ 0.01 — 0.001 the Gilbert damping 
factor, and magnetic anisotropies have been disregarded 
for simplicity. The spin bias also has AC components. 
However, its frequency u> harmonics are strongly sup- 
pressed when l s j '((jjTg) 1 / 2 < L < l s , which can be easily 



realized when wr s > 1, e.g., r s > uo^ 1 ~ 10~ 11 s/H [T]. 
l s = \j Dt s is the spin-diffusion length in the normal 
metal. The dominant contribution to the spin bias is then 
constant in time and directed along Ho. The magnitude 
of the time-averaged spin accumulation A/x = 2(s(t)) t /N 
in the normal metal close to the F-N interface then reads: 
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where the precession cone angle between Ho and m is 
9, i] — {ti/t s ) tanh(£/Z s )/(i// s ) is a reduction factor, 
and we have introduced the spin- injection rate t^ 1 = 
g^l/(2irhNAL). Large systems have a smaller injection 
rate since more states have to be filled. 

The ratio of the injection and spin-flip relaxation times 
can be evaluated for a planar geometry. We consider 
a free-electron gas in contact with a metallic ferromag- 
net. The mixing conductance is — nAkp / (Air) (g^ = 
KAkp/n) for spin injection into three-(two-)dimensional 
systems. First-principles band-structure calculations 
show that for combinaJions like Co/Cu or Fe/Cr n re- 
mains close to unityO The ratio between the injec- 
tion and spin-flip relaxation times in three [two] dimen- 
sions can be calculated to be t-Jt s = ^/8/3K _1 v / e(i/^s) 
[ T i/ T s = 2n~' s ~y/e(L/l e )]. e — t/t s is the ratio of the elas- 
tic scattering rate and the spin-flip relaxation rate, which 
is usually much smaller than unity. 

When the spin relaxation time is longer than the spin 
injection time and the precession cone angle is sufficiently 
large, sin 2 9 > ij, the spin bias saturates at its maxi- 
mum value A/io = Hloq. In this regime the spin ac- 
cumulation does not depend on the material parame- 
ters. It should be feasible to r ealize the full spin bias 
when L <C l s since r/ w ^/8/3« _1 y / e(L/Z s ), e.g. when 
L/l s = 0.1, yf&JSK,^ 1 y/!- = 0.1 the precession cone an- 
gle should be larger than 6 degrees. For small preces- 
sion cone angles 9 w Hi/(aHo), so for e.g. Hq = 1.0 
T, a = 10~ 3 this requires a Hi =0.1 mT rf field with 
a resulting spin bias of A/z = O.lmeV. For a smaller 
precession angle, e.g. 9 = 0.6 degrees the spin-bias is 
smaller, A/x = but still clearly measurable. Epitax- 
ially grown clean samples with even longer spin-diffusion 
lengths and smaller spin-flip to non-spin flip relaxation 
ratios e will function as spin-batteries with smaller pre- 
cession angles. The precession cone angle 9 in FMR is 
typically small, but 9 > 15 degrees can be achieved for 
a sufficiently intense rf field and a soft ferromagnet, e.g., 
permalloy-CJ The maximum DC spin current source is 
|{I| ource ) t | w hujQnAkp sin 2 9/(4ir), e.g. for a precession 
cone angle of 9 = 6 degrees the equivalent electrical spin 
current (e/h)\(I s ° UTCC ) t \ is 0.1 nano Ampere per conduct- 
ing channel Ak F /(4Tr). The total number of channels is a 
large number since the cross sections may be chosen very 
much larger than the Fermi wavelength thus ensuring 
that a large spin current may be drawn from the battery. 

Ferromagnetic resonance dissipates energy propor- 
tional to the damping parameter a of the magnetization 
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dynamics. The power loss dE/dt = afiuj^Ns sin 2 9 is pro- 
portional to the volume of the ferromagnet through the 
number of spins in the ferromagnet in units of h, N s . 
The power loss can be significant even for a thin film 
ferromagnet, e.g., for a 10 monolayer thick Fe film with 
a ~ 10~ 3 , sin 2 9 ~ 1CT 2 , and to — 10 11 s _1 , the power 
loss per unit area is (l/A)dE/dt ~ 0.1 W/cm 2 . The tem- 
perature can be kept low by e.g. immersing the sample 
in superfluid helium. The heat transfer is then approxi- 
mately 8 W/cm 2 K for small temperature epadients and 
increases for larger temperature gradients, c3 which ap- 
pears sufficient for the present purpose. 

Schmidt et ala realized that efficient spin injection into 
semiconductors by Ohmic contacts is close to impossible 
with transition-metal ferromagnets since virtually all of 
the applied potential drops over the nonmagnetic part 
and is wasted for spin injection. The present mechanism 
does not rely on an applied bias and does not suffer from 
the conductance mismatch, because the smallness of the 
mixing conductance for a ferromagnet-semiconductor in- 
terface is compensated by the small spin current that is 
necessary to saturate the spin accumulation. 

Possible undesirable spin precession and energy gen- 
eration in the normal-metal parts of the system is of 
no concern for material combinations with different g- 
factors, as, e.g., Fe (g = 2.1) and GaAs (g = —0.4), 
or when the magnetic anisotropy modifies the resonance 
frequency with respect to electrons in the normal metal. 

The optimal material combinations for a battery de- 
pend on the planned usage. From Eq. ([!]) it follows that 
the largest spin current can be achieved when the con- 
ductor is a normal metal, whereas any material combi- 
nation appears suitable when the load is small, as long 
as the contact is Ohmic and the system is smaller than 
the spin-diffusion length. 

Standard metals, like Al and Cu, are good candidate 
materials, since the spin-diffusion length is very long, 
l s ~ 1 at low temperatures, and remains quite long 
at room temperatureBufl Indirect indications of spin ac- 
cumulation in Cu can be deduced from the absence of 
any enhancement of the Gilbert damping-jB-.FMR when 
in contact with thin ferromagnetic films.t2lEj 

Semiconductors have the advantage of a larger ratio of 
spin bias to Fermi energy. Let us first consider the case of 
GaAs. The spin-flip relaxation time in GaAs can be vety, 
long, r s = 10~ 7 s at n — 5 x 10 16 cm 3 carrier density.E£l 
These favorable numbers are offset by the difficulty to 
form Ohmic contacts to GaAs, however. Large Schot- 
tky barrier exponentially suppress the interfaces mixing 
conductance parameter k. 

InAs has the advantage of a natural accumulation layer 
at the surface that avoids Schottky barriers when covered 
by high-density metals. However, the spin-orbit inter- 
action in a narrow gap semiconductor like InAs is sub- 
stantial, which reduces r s . In asymmetric confinement 
structures, the spin-flip relaxation rate is governed by 
the Rashba type spin-orbit interaction, which vanishes in 
symmetrical quantum wellsEH The remaining D'yakonov- 



Perel scattering rate is reduced in narrow quasi-one- 
dimensional channels of width d due to waveguide diffu- 
sion modes by a factor of (L s /d) 2 , where L s = vf /\h(kp)\ 
is the spin-precession length in terms of the spin-orbit 
coupling H so = h(k) • s,E§ which makes InAs based sys- 
tems an interesting material for a spin battery as well. 

In Si, the spin-flip relaxation time is long, since spin- 
orbit interaction is weak. Furthermore, the possibility of 
heavy doping allows control of Schottky barriers. So, Si 
appears to be a good candidate for spin injection into 
semiconductors . 

The spin bias can be detected noninvasively via tun- 
nel junctions with an analyzing ferromagnet having a 
switchable magnetization direction. A voltage difference 
of pA/j, is detected for parallel and anti-parallel con- 
figurations of the analyzing magnetization with respect 
to the spin accumulation in the normal metal, where 
p = (Gr-f — G|)/(G| + Gi) is the relative polarization 
of the tunnel conductances of the contact. The test mag- 
netic layer need not be flipped. It is sufficient to reverse 
the direction of the DC static magnetic field. The spin 
current, on the other hand, can be measured via the drop 
of spin bias over a known resistive element. 

Spin-pumping into the normal metal can also have con- 
sequences for the nuclei via the hyperfine interaction be- 
tween electrons and nuclear spins .Ej An initially unpo- 
larized collection of nuclear spins can be oriented by a 
spin-polarized electron current, which transfers angular 
momentum by spin-flop scattering. A ferromagneticallyj 
ordered nuclear-spin system can lead to an OverhauserEj 
field on the electron spin. This effect does not affect the 
spin bias A/x, but induces an equilibrium spin density in 
the normal metal s° via the nuclear magnetic field, and 
can be exploited in experiments where the the total spin- 
density s + So is an important parameter. The_filectron- 
nuclear interaction can be included by addingEilE3 



to the electron spin dynamics so that I — * I| ourcc — jback _|_ 
I" uc , where s„ is the nonequilibrium nuclear spin accu- 
mulation and T n is the electron-nuclear relaxation time. 
The nuclear spin dynamics is described by 

ds n 

ltt = -T n + ^ (6) 

where T' n < T n is the nuclear-spin relaxation time and T e 
is the nuclear-electron relaxation. In steady state, s„ = 
(T^/T n )(T n /T e )s. In the experimentally relevant regime 
TjT 1 <C t^ 1 the electron- nuclear interaction (||) has a 
negligible effect on the nonequilibrium spin accumulation 
s and thus Eq. (0) remains unchanged. T n /T e — 81(1 + 
l)ep-nAr/(9fcs7 1 ri e ) for small polarizations, where cf is 
the Fermi energy of the electron gas, ksT is the thermal 
energy, is the-nuclear density and n e is the one-spin 
electron densityE3 Using N — (3/2)n e /e F (N — n e /e F 
in two dimensions) and Eq. (m the relative enhancement 
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of the DC nuclear spin polarization is 

s n = n N ^\l{I+l)^= 
i n 3 k B l 



(7) 



for A/i <C ksT. The nuclear-spin polarization increases 
with the spin bias and by lowering the temperature. The 
hyperpolarized nuclei, in turn, produce an effective nu- 
clear field that polarizes the equilibrium properties of the 
electron gas s°. In bulk GaAs, the nuclear magnetic field 
is B n = 5.3 T when the nuclei are fully spin-polaijised 
which should occur at sufficiently low temperatures." 

BergerO proposed to generate a DC voltage by the 
FMR, which bears similarities with our proposal. But 
Berger's mechanism of spin injection, originating from 
the spin-flip scattering in the ferromagnet as induced by 
spin waves appears to be different from ours. We propose 
to achieve spin injection via the modulation of the inter- 



face scattering matrix by the coherent precession of the 
magnetization, which allows, for example, quantitative 
calculations for various materials. 

In conclusion, we present the new concept of a spin 
battery, which is a source of spin, just as a conventional 
battery is a source of charge, and estimate its perfor- 
mance for different material combinations. 
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